We report a comprehensive study on the magnetic and structural properties of the spinel sulfides 
I. INTRODUCTION
Breathing pyrochlore magnets, where localized spins are arranged at the edge of alternating small and large tetrahedra with magnetic interactions J and J', respectively, have attracted attention as unique systems that possess both geometrical frustration and bond alternation. The two systems that are spin-3/2 magnets, LiInCr 4 /In 3+ ions form a zinc-blende-type order [1, 2] . They are antiferromagnets with very large, negative Weiss temperatures of 332 and 659 K, respectively, suggesting that both J and J' are antiferromagnetic (J, J' > 0) [2] . The ratio of J and J' is considerably different between LiInCr 4 O 8 and LiGaCr 4 O 8 . Their J'/J values are estimated to be ~0.1 and ~0.6, respectively, as derived using an empirical relationship between the strength of the magnetic interactions and the Cr-Cr distances [2] . LiInCr 4 O 8 shows spin-gap behavior caused by spin-singlet formation in the small tetrahedra above ~15 K, reflecting the small J'/J, while LiGaCr 4 O 8 shows an antiferromagnetic short-range order below ~45 K in magnetic susceptibility data, much like conventional Cr spinel oxides such as ZnCr 2 O 4 . Both compounds also exhibit an antiferromagnetic long-range order at ~15 K, accompanied by a structural transition [35] . Various intriguing magnetic phenomena, such as the sup- [6, 7] . Alternatively, Ba 3 Yb 2 Zn 5 O 11 with J >> J' does not show any long-range magnetic order down to the lowest measured temperature of 0.38 K, but instead goes to the singlet ground state at low temperatures [10, 11] . Since this singlet state is doubly degenerate due to the T d symmetry of a regular tetrahedron, it is interesting how this degeneracy is lifted when a finite J' is introduced [13, 14] .
Here we focus on breathing pyrochlore magnets with antiferromagnetic J and ferromagnetic J', different from the aforementioned breathing pyrochlore magnets that have antiferromagnetic J and J'. Benton and Shannon noted that the ground state of the former magnets is a collinear order with decoupled (001) ferromagnetic planes for the classical Heisenberg spin case [15] . It is still unclear, however, what kind of magnetic state appears in the real materials, compared with the latter magnets. In this paper, we report a comprehensive study on the magnetic and structural properties of the chromium spinel sulfides LiInCr 4 We find that these three sulfides are breathing pyrochlore magnets with antiferromagnetic J and ferromagnetic J' using the structural and magnetic parameters obtained by structural analyses using synchrotron powder X-ray diffraction (XRD) data and a Curie-Weiss fit to the magnetic susceptibility data, respectively. However, the low-temperature magnetic properties of these three sulfides differ significantly. Geometrical frustration of the small tetrahedra with antiferromagnetic J is suggested to have a considerable effect on the magnetic properties of the antiferromagnetic-ferromagnetic breathing pyrochlore spin system, indicating that this system has rich physics comparable to that of an antiferromagnetic one.
II. EXPERIMENTAL METHODS
Polycrystalline samples of LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 were prepared by a solid-state reaction method. A stoichiometric mixture of Li 2 S/Cu, Ga 2 S 3 /In 2 S 3 , Cr, and S powders was sealed in an evacuated quartz tube. Li 2 S was handled in an inert gas atmosphere, because it is moisture sensitive. The tube was first kept at 673 K for 24 h to prevent the fast sublimation of sulfur, and then 1023 K for 96 h for LiInCr 4 powder XRD patterns obtained at room temperature by employing synchrotron X-ray with  = 0.652256 Å at BL5S2 at the Aichi Synchrotron Radiation Center, using the Rietan-FP program [21] . Magnetization data between 1.8 and 300 K were recorded using a Magnetic Properties Measurement System and MPMS-3 (both Quantum Design). Heat capacity measurements between 2 and 50 K were employed in the Physical Properties Measurement System (Quantum Design). Magnetization measurements up to 72 T were performed using a multilayered pulsed magnet with a duration of 4 ms. Typical pulsed magnetic field profiles are shown in Fig. 2 . The magnetizations were measured at 1.4 K using the electromagnetic induction method employing a coaxial pick-up coil. Since it is difficult to obtain the absolute values of magnetization by this method, we calibrated the data to fit other magnetization curves measured on the same samples up to 7 T using an MPMS-3. Figure 3 shows the synchrotron powder XRD patterns of the LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 polycrystalline samples taken at room temperature and the results of their Rietveld analyses. We performed the Rietveld analyses by using a structural model with the cubic F43m space group as the main phase and Cr 2 S 3 as a secondary phase in all cases, because there are some small peaks caused by a small amount of Cr 2 S 3 impurity in all diffraction patterns, as seen in the inset of Fig. 3 and CuInCr 4 S 8 , respectively, which is consistent with that of a previous study [16] . There is no significant difference between the structural models with and without intersite defects between Li/Cu and Ga/In and vacancies. We estimated the amount of intersite defects by assuming some possible patterns, such as (Li 1x In x )(In 1x Li x )Cr 4 S 8 for LiInCr 4 S 8 , yielding at most ~3% in all cases. Therefore, the crystallographic parameters obtained by assuming the occupancy of each site to be unity are listed in Table I . The differences between the CrCr distances of the small and large tetrahedra are 9%, 7%, and 6% for LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 , respectively, which are larger than those of LiInCr 4 O 8 (5%) and LiGaCr 4 O 8 (4%) [2] , indicating stronger breathing in sulfides than in oxides. 
III. RESULTS AND DISCUSSION

Crystal Structure
Magnetic Susceptibility at High Temperature
Relation between Structural Parameters and Magnetic Interactions
We will now discuss the relationship between the structural parameters and magnetic interactions in these three sulfides. Cr spinels are known to show a wide range of nearest-neighbor magnetic interactions from strongly antiferromagnetic to ferromagnetic, depending on the CrCr distance [25] . This is because the nearest-neighbor magnetic interaction is determined by both the exchange interaction coming from the direct overlap of Cr 3d orbitals and the superexchange interactions mediated by p orbitals of anion X. The former is antiferromagnetic and rapidly increases with decreasing CrCr distance. The latter is sensitive to the CrXCr angle but is largely insensitive to the CrCr distance. In the Cr spinels, the latter interaction is expected to be ferromagnetic, because the CrXCr angles are close to 90°. The nearest-neighbor magnetic interactions in the Cr spinel oxides with shorter CrCr distances are antiferromagnetic because the former is dominant, while those in the selenides and tellurides with larger CrCr distances are ferromagnetic because the latter is dominant [25] . The sulfides are located between them and can be both antiferromagnetic and ferromagnetic. In CdCr 2 S 4 and HgCr 2 S 4 , the ferromagnetic interaction is dominant, indicated by the large and positive  W exceeding 100 K [25] . Alternatively, ZnCr 2 S 4 , which has a smaller lattice constant than those of CdCr 2 S 4 and HgCr 2 S 4 , has a much smaller  W of ~8 K, which becomes negative when the lattice constant becomes smaller by applying pressure [2628]. However, we must take into account that the superexchange interaction via the CrSSCr pathway, giving rise to the third neighbor interaction, can be moderate in Cr spinel sulfides. A theoretical study showed that this interaction is almost zero in Cr spinel oxides, but is several K in the sulfides [29] . [26] . We estimate the J of the three sulfides by assuming that  W linearly increases with increasing CrCr distances, yielding strongly antiferromagnetic J, corresponding to  W between 100 and 200 K [2, 25] . In contrast, d' BP of the three sulfides is 3.653.74 Å, which is larger than d P = 3.63 Å of HgCr 2 S 4 , indicating that their J' is strongly ferromagnetic, corresponding to  W = 150300 K. Although it is expected in real materials that the third-neighbor interaction becomes several K, as discussed above [29] , this result strongly suggests that the breathing pyrochlore magnets with alternating antiferromagnetic interaction J and ferromagnetic interaction J' could be realized with the three sulfides.
The values of J and J' are significantly different between the three sulfides. The J' of LiInCr 4 S 8 is expected to be much larger than |J|, because d' BP is considerably larger than those of the other two sulfides. In fact, LiInCr 4 S 8 has a positive  W , different from the other two sulfides. As seen in Fig. 5 
Magnetization and Heat Capacity at Low Temperature
At low temperatures, the magnetization M and the heat capacity C p of the LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 polycrystalline samples exhibit a clear anomaly, as shown in Figs. 6 and 7, respectively. The C p /T of LiInCr 4 S 8 exhibits a sharp peak at T p = 24 K, suggesting that a structural transition occurs at T p , as in the case of Cr spinel oxides [2, 4, 30] . The strong decrease in M/H at around T p suggests that the transition might be accompanied by an antiferromagnetic long-range order, the presence of which will be clarified by a future neutron diffraction or NMR experiment.
The anomalies in the M/H and C p /T data of LiGaCr 4 S 8 and CuInCr 4 S 8 are smaller than that of LiInCr 4 S 8 , as seen in Figs. 6 and 7. The M/H of LiGaCr 4 S 8 measured in the magnetic field of 1 T shows a kink at 13 K. The C p /T of LiGaCr 4 S 8 exhibits a broad peak at T p ~ 10 K, as shown in Fig. 7(b) , which is slightly lower than the peak temperature in M/H, suggesting that an antiferromagnetic long-range order occurs at around this temperature, even if there is a distribution of transition temperatures, which broadens the peak in C p /T data. The M/H of CuInCr 4 S 8 shows a sudden drop of ~10% at around 32 K with decreasing temperature, as is the case with the previous report, except that the temperature is slightly lower than that in the previous report of 35 K [20] . The C p /T of CuInCr 4 S 8 shown in Fig. 7(b) exhibits a peak at T p = 28 K, which is also slightly lower than that in the previous report of 31 K, although the C p /T in the previous report shows two other peaks at 35 and 158 K [19] . These results confirm the presence of the previously reported antiferromagnetic long-range order, although the transition temperature in the present study is slightly lower than that in the previous report.
High-Field Magnetization
In this section, we report high-field magnetization processes for the LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 powder samples measured up to 72 T using multilayered nondestructive pulsed magnets. We will discuss the magnetization curves (MH curves) of these three sulfides in the order of LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 , and then compare them.
The MH curves of a LiInCr 4 S 8 powder sample measured up to 41 and 56 T, shown in Fig. 9 , the M of LiGaCr 4 S 8 almost linearly increases below 50 T. However, dM/dH shows a minimum value at  0 H = 32 T. M at 32 T is 1.3  B /Cr, corresponding to 0.45 M s , implying that this anomaly may be related to the formation of a half-magnetization plateau, although this M is smaller than M s /2 by approximately 10% and the magnetic field region corresponding to this anomaly is much narrower than those of the half-magnetization plateau in the Cr spinel oxides [8, 31, 32] . Figure 10 shows the MH curves and dM/dH of a CuInCr 4 S 8 powder sample measured up to 72 T. The MH curves show linear behavior below  0 H ~ 15 T, where the data measured up to 16, 45, 64, and 72 T completely overlap with each other, and then show a large hysteresis loop with a strong increase in M above ~20 T with increasing H, which largely reproduces the previous result measured up to 38 T at 6 K [20] . The increase in M is strongest at 25 T and becomes more gradual at around 40 T, which are clearly seen as a broad maximum and minimum in the dM/dH data shown at the top of Fig. 10 , respectively. M strongly increases again at around 50 T, followed by a slowing down of the increase above 60 T. When H decreases from 72 T, M decreases with the similar H dependence to that in the increasing process. The strongest decrease in M appears at ~20 T and then M coincides with that in the increasing process below ~15 T. In the previous study, the MH curves of CuInCr 4 S 8 measured at 6 and 27 K up to the magnetic field of up to 38 T show a hysteresis loop above ~20 T [20] , which is consistent with that in the present study. We find that this hysteresis is extended from a wide magnetic field region to a very high magnetic field exceeding 72 T.
The small change in M at  0 H ~ 40 T in the MH curves of CuInCr 4 S 8 is reminiscent of the formation of a magnetization plateau. The M values at 40 T are 1.0 and 1.1  B /Cr in the increasing and decreasing processes of magnetic fields, respectively, both corresponding to approximately 1/3 of M s , considering g = 2.04 and S = 3/2. In general, the MH curves of the antiferromagnets with triangular-based lattices, such as triangular or kagome lat- tices, often show a plateau at M s /3, where the up-up-down spin arrangement for a triangle is stabilized in a finite magnetic field region [3335]. Since such a 1/3 magnetization plateau has never been observed in pyrochlore magnets comprising tetrahedra, it would be interesting to know if this plateau is really formed in CuInCr 4 S 8 . Breathing pyrochlore antiferromagnets with J' ~ 0 are expected to show stepwise MH curves at sufficiently low temperatures, as observed in Ba 3 Yb 2 Zn 5 O 11 [11, 36] . However, it is unlikely that CuInCr 4 S 8 shows a stepwise MH curve by this scenario, because the J' of CuInCr 4 S 8 is expected to be ferromagnetic, as discussed in section 3.3, and this compound is suggested to show a magnetic long-range order at ~30 K, in contrast to Ba 3 Yb 2 Zn 5 O 11 , which shows spin-gap behavior down to the lowest measured temperature [10, 11] . To clarify the formation mechanism of the plateau-like behavior at ~40 T in CuInCr 4 S 8 , it is necessary to obtain information on the magnetic structure by neutron scattering or NMR experiments conducted in magnetic fields. Alternatively, the gradual decrease in dM/dH with increasing magnetic field above 60 T may be related to plateau formation at M s /2. Magnetization measurements at higher magnetic fields will clarify whether the half magnetization plateau is formed in CuInCr 4 S 8 . Figure 11 shows the magnetization curves of the three sulfides, where M is normalized by M s = gS B . That of [8] .
LiInCr 4 O 8 is also shown as a reference [8] . O 8 , suggesting that the presence of the hysteresis is independent of the predominant magnetic interaction. In addition, the MH curve of CuInCr 4 S 8 shows a plateau-like behavior at M ~ M s /3, which does not appear in those of other three compounds, as shown in Fig. 11 . We hope that the magnetic structure in the plateau-like region in CuInCr 4 S 8 will be clarified by, for example, future neutron diffraction experiments in high magnetic fields.
Magnetic Ground States of Breathing Pyrochlore Sulfides
Finally, we will discuss the magnetic ground states of LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 . As discussed in section 3.3, these three sulfides are suggested to be breathing pyrochlore magnets with antiferromagnetic J and ferromagnetic J'. However, these three sulfides show considerably different magnetic properties at low temperatures. LiInCr 4 S 8 shows a structural transition, which may be accompanied by a long-range magnetic order, indicated by a sharp peak in C p /T data and a strong decrease in M/H at low temperatures. LiGaCr 4 S 8 and CuInCr 4 S 8 show smaller anomalies in M and C p /T at low temperatures, as seen in Figs. 6 and 7, which might be due to the antiferro- Fig. 12 . A collinear spin structure comprising decoupled (100) ferromagnetic planes [15] . AF and F denote antiferromagnetic and ferromagnetic interactions, respectively. magnetic long-range order. Moreover, the MH curves of the three sulfides measured up to 72 T by using pulsed magnetic fields have considerably different shapes, as seen in Fig. 11 , although the slopes of the curves show the systematic variations with the predominant magnetic interactions.
In general, localized spin systems with both antiferromagnetic J and ferromagnetic J' often show a magnetic order where the spins coupled with J and J' are aligned in antiparallel and parallel configurations, respectively, such as in NaNiO 2 and CaMnO 3 . However, such a magnetic order cannot be realized in the breathing pyrochlore case, because four spins in a large tetrahedron with J' can be aligned in a parallel configuration but those in a small tetrahedron with J cannot be aligned in an antiparallel configuration owing to the geometrical frustration. A previous theoretical study indicated that a collinear order comprising decoupled (100) ferromagnetic planes, shown in Fig. 12 [15] , where spins on a J' tetrahedron are aligned in parallel, while antiparallel and parallel pairs coexist on a J' tetrahedron, is a ground state in the classical Heisenberg spin case. The spin structure model of CuInCr 4 S 8 proposed in the previous neutron diffraction study, where magnetic Bragg peaks indicating the presence of a long-range magnetic order are observed at 4.2 K, is consistent with this magnetic structure [19] . Different magnetic properties at low temperatures between the three sulfides suggest that the magnetic ground states of LiInCr 4 S 8 and LiGaCr 4 S 8 are different from it. It is a remarkable point for the breathing pyrochlore sulfides that the different atoms at the tetrahedral site might give rise to a wide variety of magnetic ground states, although they commonly have antiferromagnetic J and ferromagnetic J'. There are also unsolved issues in the magnetic properties of the three sulfides, such as the formation mechanism of the plateau-like behavior at around M s /3 in the MH curves of CuInCr 4 S 8 . We hope that they will be clarified by various J' (F) J (AF) methods, such as future neutron scattering and NMR measurements.
IV. CONCLUSIONS
The structural and magnetic properties of three breathing pyrochlore magnets, LiInCr 4 S 8 , LiGaCr 4 S 8 , and CuInCr 4 S 8 , are investigated. The structural parameters determined by the powder synchrotron XRD data and the temperature dependence of magnetization strongly suggest that these three sulfides have a unique breathing pyrochlore lattice with alternating antiferromagnetic J and ferromagnetic J'. The magnetic properties are more antiferromagnetic in the order of CuInCr 4 S 8 , LiGaCr 4 S 8 , and LiInCr 4 S 8 . LiInCr 4 S 8 shows a sharp peak at 24 K in the C p /T data, accompanied by a strong decrease in M/H, indicating that a structural transition occurs at this temperature. The MH curves of LiInCr 4 S 8 show a large hysteresis loop. LiGaCr 4 S 8 has a small | W | due to the cancellation of antiferromagnetic J and ferromagnetic J'. The MH curves of LiGaCr 4 S 8 do not show a hysteresis loop that is different from other two sulfides, but show a small anomaly at around M = M s /2, which may be related to the half magnetization plateau. The MH curves of CuInCr 4 S 8 , which is more antiferromagnetic than the other two sulfides, show metamagnetic behavior above ~20 T with a large hysteresis loop, where a plateau-like behavior appears at around M s /3. Thus, these three sulfides show significantly different magnetic properties, although they commonly have both antiferromagnetic J and ferromagnetic J' on their pyrochlore lattices, indicating that rich physics exists in antiferromagnetic-ferromagnetic breathing pyrochlore magnets.
